Supplementary Note 1 | Statistic analysis of Al2O3 coverage
To obtain the statistical data of the Al2O3 coverage, we fibbed several different secondary particles using pristine NCA electrode. After that, we located different primary particles inside each secondary particle and zoomed in for high resolution imaging. The every surface regions is examined along the periphery of each primary particle, and the quantitative analysis is performed according to the projected edges. Our imaging results consistently show that only trace amount of Al2O3 is developed and covered on limited areas of NCA surfaces. The results of 16 primary particles are shown in Supplementary Figure 10 , in which each of the primary particle is aligned to the [100] zone axis, and the every surface region is recorded at atomic resolution by simultaneously collecting the HAADF and ABF images at high magnification. Our imaging results show that most of surface regions are in the absence of the Al2O3 films (as outlined by the green lines in Supplementary Figure 10 ), and only a small portion of surfaces is covered by Al2O3 (indicated by the blue lines and arrows in Fig.10 ). The statistical data yields an average coverage of 1%, suggesting the minor coverage of Al2O3 coating on NCA surfaces.
Supplementary Note 2 | Redox decrement with Al doping.
Because Al concentrated shell is originated from the Al surface segregation, the regimes are only limited to the surface and subsurface regimes, and it only causes the significant Fermi level shift on these localized area, while the core part remains the concentration of <2% and does not present the significant shift. Note that the c-v curve displays the integrated signals averaged all over the electrode materials, including both the bulk and surface part. Given the considerably small volume of the Al segregated area, the bulk NCA is the dominant entity that contributes to the C-V curves. Therefore, the critical local redox decrement of surface regimes is likely not completely reflected on the ensemble-averaged plot. However, by checking the dQ/dV curves, the overall downshift trend of Fermi level is evident with Al doping, in which the average charge voltage decrement of NCA is 0.035V more than that of NC after 100 cycles, as shown in Supplementary Figure 12 .
Supplementary Note 3 | Calculation of Al surface concentration as the Al bulk composition variation.
Two NCA models, one with the Al bulk concentration of 3.1% and the other with 6.2%, were firstly constructed to calculate the surface segregation energies. Here the surface segregation energy (Eseg) is defined by the energy difference between the model with Al locates in the bulk (Supplementary Figure 14a ) and the one with Al resides on surface (Supplementary Figure 14b) . Our calculated results yield a surface segregation energy of ─0.017eV and ─0.071eV for the NCA3Al and NCA-6Al. Using the segregation energy as an input, we then employ the equation 1 to estimate the Al concentration on surface sites.
Cs=Cbulk*exp(─Eseg/kT)
Where the Cbulk and Cs represent the Al concentration on the bulk and surface, respectively. Here, the T=680 o C is set for the calculations because the NCA synthesis is performed at such
